METHODS, COMPCSI TI ONS, AND ARTI CLES COVPRI SI NG STABI LI ZED GOLD
NANOCLUSTERS Rel at ed Applications This application clains
priority under 35 U . S.C. 119(e) to co-pending United States

Provi sional Application Serial No. 61/129,994, filed August 5, 2008,
the contents of which are incorporated herein by reference. Field of
the Invention The invention relates generally to gold

nanocl usters, and in particular, fluorescent gold nanoclusters. The
gol d nanocl usters nmay be stabilized, for exanple, with a protein or
stabilizing agent. In sone cases, the gold nanoclusters nmay be used
in nmethods or articles to determine the presence, absence, and/or
concentrati on of METHODScCOMBOSITIGNS aANDeA R BHUIEF OOMPRISING e
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due to therr Ine st ze andnon-toxicity. It is of interest to
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mercuric ions have been_ devel oped based on snal| ‘organic nol ecul es
(fi uorop h@Ftisdesde determine the presence, absence, and/or concentration of mercuric ions in a

sample.

Background of the Invention
Noble metal nanoclusters (NCs) typically comprise of several to tens of metal

atoms and are generally less than 1 nm in size. The spatial confinement of free electrons
in metal nanoclusters may result in discrete and size-tunable electronic transitions,
leading to molecular-like properties such as luminescence and unique charging
properties. In contrast to semiconductor quantum dots (QDs), which are larger in
dimensions (e.g., approximately 3 to 100 nm) and may contain foxic metal species (e.g.,
cadmium, lead), noble metal nanoclusters are attractive for various applications (e.g.,
sensing} due to their ultrafine size and non-toxicity. If is of interest to develop methods
and techniques for the synthesis of fluorescent gold nanoclusters with red or near-
infrared emissions, which could be used in many applications,‘for example, for the
detection of mercuric ions. '

Routine detection of mercuric ions (Hg?") is central to environmental monitoring
in aquatic ecosystems because of its deleterious effects on the environment and human
health. In the past few years, several optical sensor systems for the detection of mercuric

ions have been developed based on small organic molecules (fluorophores or



- 2 - chronophores), bimolecules (proteins, antibodies,

ol i gonucl eoti des, DNAzynes, etc.), and various materials (polyneric
or inorganic). Many of these systens, however, are constrained with
respect to sinplicity, sensitivity, selectivity, and/or limted in

practical applications (e.g., inconpatible wi th aqueous environnent).
Accordi ngly, inproved nethods and materials are needed. Summary of
the I nvention In sonme enbodi nents, the present invention
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In another embodiment, a method of detecting mercuric ions compﬁses providing
a composition comprising a plurality of gold nanoclusters and a protein or a stabilizing
agent, exposing the composition to a sample suspected of containing mercuric ions, and
determining whether the sample comprises mercuric ions. In yet another embodiment, a
method of detecting mercuric ions comprises providing a plurality of gold nanoclusters,
the gold nanoclusters having a first fluorescent intensity at a wavelength between E}bout
630 nm and about 700 nm with a quantum yield of at least 1%, exposing the nanoclusters
to a sample suspected of containing mercuric ions and determining a change in the
fluorescent intepsity, and determining whether the sample contains mercuric ions based

upon the change in the fluorescent intensity.



In sone enbodi nents, the present invention provides articles. In sone
cases, an article for determ ning the presence or absence of nercuric
ions in a sanple conprises a substrate, and a conposition associ ated
with the substrate, wherein the conposition conprises gold

nanocl usters and a protein or a stabilizing agent. Brief Description
of the Draw ngs. FIG 1 shows a schematic of the formation of
gol d nanocl usters associ at ed vmth bov ne serum al bum n (BSA- Au- NCs)
according to a non-limtin of the invention. FI G
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TGA anal 8MEUEF gB@Naﬁﬁdﬂf@f’r%‘?éf’e%mfeW %ﬁarStabﬁzé?ﬁ?ﬁeﬂb to a non-linmiting
enbodi nent. FIG 5 shows representative TEM i mages of BSA- Au- NCs.
FIG 6 shows (A) DLS hi storams (B_ Four| er-transforminfrared
(FTIR) spectra, (O zeta a.‘z!.fa pyeripfiesofi the Dragrpp D) far-UWV circul ar
di chroi sm (CD leagd)io r d
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(conj ugat ed w th FITC dye) and (i) BSA- Au- NCs.

FIG. 2A shows photographs of BSA (1) powder and (2) aqueous solution, and
BSA-Au-NCs (3) aqueous solution and (4) powder under (top) visible and (bottom) UV
light, according to one embodiment. _

FIG. 2B shows the optical absorption (dash lines) and photoemission (solid lines,
hex = 470 nm) spectra of aqueous solution of (1) BSA and (ii) BSA-Au-NCs. The inset
shows the weak absorption pealk at about 480 nm for BSA-Aun-NCs.

FIG. 3 shows time evolution of photoemission spectra (A = 470 nm) for a
reaction mixture comprising HAuCly and BSA at 37 °C, according to a non-limiting
embodiment.

FIG. 4 shows (A) XPS spectra of Au 4fin (iii) BSA-Au-NCs and (B) MALDI-
TOF mass spectra of (iv) BSA and (v) BSA-Au-NCs.

FIG. 4C shows the TGA analysis of BSA-Au-NC powder in air, according to a
non-limiting embodiment.

FIG. 5 shows representative TEM images of BSA-Au-NCs.

FIG. 6 shows (A) DLS histogramus, (B) Fourier-transform infrared (FTIR)
spectra, (C) zeta potential results, and (D) far-UV circular dichroism (CD) spectta of (i,
or black) BSA and (ii, or grey) BSA-Au-NCs, according to non-limiting embodiments.
The inset in (A) shows the electrophoresis data (under UV light) of (ii) BSA (conjugated
with FITC dye) and (i) BSA-Au-NCs.



- 4 - FIG 7 shows photographs under (A) visible and (B)
ultraviolet light, (C optical absorption spectra, and (D)

phot oem ssi on spectra (2'," --- 470 nm) for (0) BSA, (1) BSAAu- NCs
synt hesi zed under optim zed conditions, (2) BSA-Au-NCs synthesized
wi th NaBH4, (3) BSA-Au-NCs synt hesized wi thout NaOH (4) BSA- Au- NCs
synt hesi zed at 100C, and (5) BSA- Au-NCs synt hesized with a | ow BSA
concentration. FIG 8 shows a represent ative TEM i mage of BSA- Au- NCs
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FIG 13 shaws. (A) phot ographs under TJV |ight, and (B) relative
fluorescence (1110) at Xex = 470 nm of agueous BSA- Au-NCs sol ufions

(20 M) in t h&lGr2somedAdPhaocminsior sapars Gus= it B foth3) photographs
uader UV light of BSA-Au-NCs (20 mM) in the (1) absence and (2) presence of Hg™t
ions (50 mM), and (C) a schematic of Hg"** sensing based on the fluorescence quenching
of BSA-Au-NCs.

FIG. 10 shows XPS Hg 4f spectra of (A) Hg ions sequestered by BSA-Au-NCs,
and (B) sequestered Hg ions reduced by NaBH..

FIG. 11 shows a representative TEM image of BSA-Au-NCs in the presence of
Hg”" ions.

FIG. 12 shows (A) a schematic of BSA-Au-NCs conjugated to polystyrene beads,
and (B) a representative fluorescence image of BSA-Au-NCs conjugated to polystyrene
beads.

FIG. 13 shows {A) photographs under UV light, and (B) relative fluorescence
(V1p) at Aex = 470 nm of aqueous BSA-Au-NCs solutions (20 mM) in the presence of 50
mM of various metal ions.

FIG. 14 shows (A) photoemission spectra (Aex = 470 nm) of BSA-Au-NCs (20
nM) in the presence of different Hg®* concentrations, and (B) relative fluorescence (I/Iy)
of BSA-Au-NCs as a function of Hg?" concentration.

FIG. 14C shows the linear detection range for 1-20 nM of Hg®".

FIG. 15A shows photographs of the test strips with BSA-Au-NCs under UV light
after the test strips have been dipped in solutions of 50 mM of various metal ions.

FIG. 15B shows photographs (under UV light) of test strips that have been
dipped in solutions of Hg*",

FIG. 16 shows the photoemission (1,, = 470 nm) specira of aqueous solution of
Au-NCs synthesized using (i) BSA, (ii) human serum albumin, and (iii) lysozyme.



FIG 14 shows (A) photoem ssion spectra (Xe" -- 470 nm of BSA- Au- NCs
(20 nM in the presence of different Hg2+ concentrations, and (B)
relative fluorescence (1/10) of BSA-Au-NCs as a function of Hg2+
concentration. FIG 14C shows the |inear detection range for 1-20 nM
of Hg2+. FI G 15A shows photographs of the test strips with
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including definitions, will control. Detailed Description The
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articles conprising gold nanocl gf.8LSped-BpS@e cases, the gold
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example, by a protein or stabilizing agent, as described herein. Some aspects of the

invention relate to applications comprising the gold nanoclusters, for example, for the
detection of mercury.

- In some embodiments, a gold nanocluster comprises a plurality of gold atoms.
The term “nanocluster,” as used herein, is given its ordinary meaning in the art and refers
to a cluster comprising several to tens of metals atoms. In some cases, a nanocluster may
comprise about between about 2 and about 30 associated gold atoms. In a particular
case, a nanocluster comprises about 25 gold atoms. Those of ordinary skill in the art will
be aware of methods to determine the approximate number of metal atoms that a
nanochuster comprises (e.g., mass speciroscopy). In some cases, a nanocluster may
comprise at least one gold atom in an oxidation state greater than zero (e.g., Au’, Au*?).
The presence of at least one gold atom in an oxidation state greater than zero may be an
important feature in the application of gold nanoclusters for the detection of mercuric
ions, as described herein.

In some embodiments, gold nanoclusters of the present invention may be

luminescent. A luminescent material refers to a material that can absorb a quantum of
electromagnetic radiation to cause the material to achieve an excited state structure and,

in some cases, emit radiation. The emitted radiation may be luminescence, in which



I n sone enbodi nents, a gold nanocluster conprises a plurality of gold
atons. The term "nanocluster,” as used herein, is given its ordinary
nmeaning in the art and refers to a cluster conprising several to tens
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In sone cases, nanoclusters nmay have an average di aneter between
about 0.1 rimand about 2 nm between about 0.1 and about 1 rim
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assist in the formation of a gold nanocluster, As an exanpple, a
association may comprise, for example, formation of at least one interaction between the

gold nanocluster and the protein or stabilizing agent (e.g., between a residue in the
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precursor (e.g., conprising Au(lll) ions) nmay be added to a sol ution
conpri sing bovine serumal bumn (BSA), formng a reaction m xture.
The BSA nol ecules, in this enbodi ment, nay sequester the gold ions
and entrapped them (e.g., see FIG 1). The reduction ability of BSA
nol ecul es may be activated by adjusting the pH of reaction m xture to
be greater than about 11. The entrapped gold ions may be reduced to
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proximity of the gold atoms to each other (e.g., because the gold atoms are entrapped

within the protein), may allow for the formation of a gold nanoclusters. In some
instances, because each protein may likely associate with the same number of gold ions,
the plurality of gold nanoclusters formed may be substantially monodisperse or
monodisperse. In some einbodiments, at least one protein (e.g., 1, 2, 3, 4, etc.) molecule
may remain associated with a gold nanocluster following formation of the gold
nanoclusters (e.g., thereby forming a stabilized gold nanocluster). In some cases, af least
some of the at least one protein may be replaced with a stabilizing agent, as described

herein,



In sone cases, the ratio of nolecules of gold atom precursor to

nol ecul es of protein is at |east about 3:1, at |east about 5:1, at

| east about 6:1, at |east about 7:1, at |east about 8:1, at |east
about 9:1, at |east about 10:1, at |east about 12:1, at |east about
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(e.g., photoem ssion spectrum nuclear magnetti C resonance, et,g. ) .
protein may be determined. For example, if the ratio of cysteine to tyrosine residues to

gold atom precursors is selected to be 10:1, and the protein comprises 50 cysteine and



- 12 with each gold nanocluster may be displaced by at |east one

nol ecul e of stabilizing agent. In sone cases, the at |east one
stabilizing agent may remain associated with the gold nanocl uster
foll ow ng displacenent of the protein. For exanple, in sone

enbodi ments, protein nolecules may be extracted using a chem cal
cappi ng agent such as cysteine or glutathione. Follow ng association
of the stabilizing agent with the gol g nanocl usters, the protein

nol ecul es may be separated fraomthe g} I"d nanocl usters stabilizj {19 by
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carcinogenic material wth high cellular toxicity. 10ds 0 )
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greater. In some cases, the pH of the reaction mixture may be between about 11 and

about 14, between about 12 and about 14, or the like. Without wishing to be bound by
theory, the pH of the reaction mixture may be an important feature of the invention, in
some embodiments, because the pH of the reaction mixture affects the protonation or
deprotonation of residues comprised in the protein (e.g., carboxyl group in aspartic and
glutamic acid residues, thiol groups in cysteine, amine groups in lysine, etc.), thereby

affecting the structure and reactivity of the protein (e.g., see results shown in Table 1).



In sone enbodi nents, the presence of nercuric ions (Hg+2) may be
determned qualitatively by on/off analysis of a property of a
plurality of gold nanoclusters. In sone cases, the detection
mechani sm may be a "turn-off" detection nechanism wherein, in the
absence of mercuric ions, the plurality of gold nanoclusters may
produce a fluorescence em ssion (or other neasurable property). In
the presence of nercuric ions, the plurality of gold nanoclusters my

interact with at |east one mercuric -ildn and a guenched state_or dark
state may occdellowiagedissipsataithent of the gercben Bixtys 19 ¢ spipckldeysbdhe

eni ssi on SRR EY¥RY t b&icAQe
enbodi menéa%?m? net ho #1@%&%89:'{ %%%ér{%ﬁﬁncp%ﬁlﬁ;co%ﬁ%%lsbprOV| di ng
a pl ural itime tofforyoi ;ﬂur@ttgomﬂgykhamoﬁestgfs Thsredepnmiizede ey bé agitatadd

determnln a, first .f sce ot.her

proper t y)- guweﬂgglo%ﬁv g dh%‘ﬁ%cﬂl)u??ér ST PRy, E:ﬁlgi%gvsﬂé

a sanpl e abRN dbteiniige Mprépipaeicidn @émmanms mdgadtieh masc meamplmdﬂza
second fluorescent intensity

absence, ‘SRRFEFeIBHCSTEles et 6‘??116%3‘: ﬁﬁ?%’gl;q%{{lglp gﬁge@ﬂvaglﬂg gﬁﬁe‘?&@é’ﬁ&?e% e

det er m negd: bendel erpank aanﬁat@ tﬁeftatlga@aré)@fttw@ﬁacﬁomnéy gesgezeaﬂad sidh@hat
second fluorescent (or other neasurable property

enbodi merheteastivg ppcerdsreideg esaebls apoup onpfafimer (e gséfe,sé Hmrbus 8 dedice
i ntensi ty YpBE% %ugeab%ﬁmi\}?ogn aga ttlﬁtaté Yfes! Pﬁ%%a‘éﬁ&’?ﬂﬁ bé Barfled oecond

fluorescent intensity di I rst uor escen intensity).
The r el atintibatfléasbrbestilic.et lvagt ab@Jtcsé%paﬂe@Bt nlpud Q4! dtheagt dbont Q:i%:\?é to

determn ntratio rCuri
T L B S T
t echni quese xfe@dsucdleha@rb“a detengmhﬂl asifif netleds enlée tefhnmuesltrewingb tiee gf , a

vt or 1 | FHOPL B B PROACTI o TP RV BRgTC SRehist)

material may qmsctmeaﬁts@xmatts FeSReaive mivRmied ﬁﬁlﬂbéhnﬁtﬁntdmmlt A OB, gty
(e.qg., Ion% r wavel ength) . I'n sone cases, the maﬁaerl al s %Qd
conposi t it AEbERl PP IIGe FR PG EAToh roRIH R BEY 3¢ MIAgHE Y ng a

wavel eng ttgnﬁéraﬂu?é Srdal@ fhafl Q&Bientsﬁﬁtpﬁfaﬂ)re kst WeeRlARUBbuRCCaRdhaR St

500 um between about 400 and about 0 nm or at about 42Q ran

about 430CustrEboutHuC, aeboutil Qb@t@bom@@ "G i, aba‘H(ﬁQtDCKLG@bP‘étr? Oggotttaba‘#o
urn, aboufy, 4§0e1"i{1$16ﬁt ﬂ]h%ﬁae%g&s ré%hchﬂﬁ%}l bkSuriddbulb8debd Sbheso °C

errbodl ment, th as a wavel engt - 14 - about 470 nm The

conposi tlandahulyt 4@r?Ctbe®m@ngi130¢tab5| ﬁfganéahméﬂeﬁdtﬁﬁ%@g e "bed Bequsi n
(e.qg., u to~7 In sone cases,
t he net hgsg)vﬁgetggﬁpgﬁqogg%pwa\ﬂ%g’gng a%cgrr%glé {ﬂ?%n conprising a
plurality of gﬁiedemammﬁxt&bma@t@rrdamtammam smtalnieltennp%&*@@fdm‘tzetm@n

o our i @ PR o GBoPAT o GouERLBRET ek P oL S R Y

i ons (e. Gour,metveteh %diﬂt 8iaH@ aorE M2ARE@ s, 07 aBbut Im@ai, 2B 2promemoxat dhourke

conposition). he methods of the p ese |nv al | ow for
Che. dot ecPPEHP BIe OPEUHA oM b hogs R A

level s. Recights bhggretical studies suggest that di spersion forces

bet ween closed shell metal atons are speci fic and strong, and greatly
magni fi ed by rlslsamp gibedimerts.ffolewing fomiationpbe E@ldWhtSF?éé%Wmate with
interacti 1 1

) and Au+ :R(I %ﬁﬁ%&i&gmmﬁ%ﬁ 81\5,\/'55%1%#%3 Ot? glel?g%géﬁﬁéb{) é)oercg ,em ﬁ
surface ofeplabel With Nﬁtsbzhsmgiem\t i h@dm@ammsmalheﬂl @iﬁbdpmimmnbpuls@ a
smal | amount, of

ool Ut o DR B M SRR, AR Al

enbodi mendtsoilizing agemt ﬂﬂ@ﬁse plesided hedsdheiodl ddmpEYing @melﬂ-siabﬂ‘ilzéd gfid
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nanoclusters, wherein the stabilizing agent has a greater affinity for the gold nanoctusters

as compared to the protein. Thus, at least a portion of the protein molecules associated



In sonme cases, nethods and articles for detecting nercuric ions may
be specific for nercuric ions. That is, the nethods and articles may
specifically detect nercuric ions over other netals ions such as Ag+,
Cu2+, Zn2+, M2+, Na+, i N nB:12-F, Fen, Cd2+, Pt4+, Pd2+, Co2+, Pb2+,
and Ca2+ ions. The specificity is advantageous in instances where the
sanple is taken from an environnmental source (e.g., in instances
where the sanple is likely to contaln ther netal ions). In sone
cases, the. e.in flu resc ar ot her eJ.t. of
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gold nanoclusters may be determined prior to and following exposure to a sample




mat ched to the closest color on the color reference, thereby

i ndi cating the approximate concentration of nercuric ions in the
sanpl e. Those of ordinary skill in the art will be aware of nethods
and techniques to deternmine the appropriate color(s) for the col or
reference (e.g., by exposing test strips to various known
concentrations of sanples conprising nercuric ions). The kit may
addi tional conprise instructions for_pse. The col or reference may be

di spl ayed conpl etely separate from fh “test strip or e .
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The foll ow ng exanpl e descri bes the synthesis and properties of gold
nanocl usters, according to sonme enbodi nents of the present invention.
Specifically, this exanple describes a sinple, one-pot, "green"
synthetic route, based on the biom neralization capability of a
common conmerci ally avail abl e protein, bovine serum al bum n (BSA),
for the preparation of Au-NCs at the physiological tenperature (37 O
wth red emssion (Ade,. max = 640 rim quantumyield (QY) - 69. In
this exanple, Au(lll) ions are addedl4o an aqueous BSA sol ution. The
BSA nol eebrues70 im Thenmmsion nswguabmergydagiog povryelangth endesgiisdd t hem
(see FI 1). The reducti bil] nol ecul es was activated by
adj ustin erf:zﬁée.g %We?%%o}ng%gﬁ%ﬁném%f%?@%' about 12; the entrapped
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aqueous ution, aqueous sol ution and %é% powder
under (ta@pnMiless Bae abod 10 bdA, lennhapvbbitgtnM, Ipyscharpaboshbopld, eprdhabt i cal

absorptio lin nd o] 1SS | ! x nm
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(about 365 urn). 1n contrast, the control BSA solution was pale .
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“Tn addition, methods and articles for detecting mercuric ions may be robust towards
various anions which may be contain in a sample (e.g., CI', NO*, 8045, PO, and

buffers (e.g., 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid)).



The oxidation state of the BSA-Au-Nes was determ ned by X-ray

phot oel ectron spectroscopy (XPS). The Au 4f 712 spectrum coul d be
deconvoluted into two distinct conponents (lines ii and i,
respectively in FIG 4B) centered at binding energies of 84.0 and
85.1 eV, which could be assigned to Au(0) and Au(l), respectively.
Specifically, FIG 4 shows (A) KB spectra of (iii) Au 4f in

BSA- Au- Nes and (B) MALDI - TOF nmass s%tra of (iv) BSA and (v)
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fluorescence (QY -0. Table 1 and FIG 7). Specgifically, .FIG 7
colors, each color refating to an approximate conceftration of mercuric ions in a sample.

Thus, following exposure to a sample, the color of the test strip may be compared and



- 21 - concentration constant (5 mM produced | arge nanoparticles
with no fluorescence (Table 1 and FIG 7). Table I. Optical
Properties of BSA-Au-Nes synthesized under different reaction
conditions. Synthesis conditions Xabs (max, nmu) X= (nmax, m)
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matched to the closest color on the color reference, thereby indicating the approximate

concentration of mercuric jons in the sample. Those of ordinary skill in the art will be
aware of methods and techniques to determine the appropriate color(s) for the color
reference (e.g., by exposing test strips to various known concentrations of samples
comprising mercuric ions). The kit may additional comprise instructions for use. The
color reference may be displayed completely separate from the test strip or may be
associated with the test strip.

The composition may be associated with any suitable substrate to provide a test
strip according to the invention. In some embodiments, the substrate material may
comprise a material which is capable of associating with the protein or stabilizing agent
associated with the gold nanoclusters or comprised in the composition. Non-limiting
examples of substrates include cellulosic and non-cellulosic materials such as, for
example, nitrocellulose, paper, natural or synthetic fibers, threads and yarns made from
materials such as cotton, rayon, hemp, jute, bamboo fibers, cellulose acetate,
carboxymethylated solvent-spun cellulose fibers, or combinations thereof. In some
embodiments, the substrate may comprise a polymer, such as polyester, polyamide,
polyacrylamide, polyacetate, etc., or combination thereof. The substrate may be porous
or nonporous. The composition may be coated onto a surface of the substrate or
impregnated into it, for example. The substrate may be flexible and/or rigid.

In preparing a test strip of the invention, a composition may be applied to a
suitable substrate using technigues known to those of ordinary skill in the art. In
embodiments of the invention, the preparation of a test strip includes preparing a
coatable liquid composition that can be applied to the substrate. In general, the liquid
composition is prepared by adding a plurality of BSA-associated gold nanoclusters to a
solvent. The subsirate may be dried prior to use (e.g., at ambient temperatures, at
elevated temperatures, under vacuum). In some embodiments, additional components
may be present (e.g., surfactant, binder, etc.).

A sample may be obtained from any suitable source. In some embodiments, the
sample méy include chemical samples, water samples, extracts, environmental samples
(e.g., from an environmental source), food products, etc. In some embodiments, the
sample may contain or be suspected of containing mercuric ions. The sample can be

used directly as obtained from the source or may be preireatment to modify at least one



QY (A) Optimzed conditions (e.g., see Exanple 2) 480 640 6 Wth
NaBH4 530 683 0.1 Wthout addition of NaCOH
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characteristic of the sample. Methods of pretreatment can involve filtration, distillation,

concentration, inactivation of interfering components, and/or the addition of reagents. In
some embodiments, the sample may be diluted or concentrated (e.g., in instances where
the concentration of mercuric ions is too high to be determined by simple comparison
with a calibration curve or color reference).

The following reference is herein incorporated by reference: U.S. Provisional
Patent Application Serial No. 61/129,994, filed August 5, 2008, entitled
“Protein/peptide-mediated synthesis of highly fluorescent metal nanoclusters,” by Ying,
et al.

This and other aspects of the present invention will be further appreciated upon
consideration of the following Examples, which are intended to illustrate certain
particular embodiments of the invention but are not intended to limit its scope, as defined

by the claims.

Example 1
The following example describes the synthesis and properties of gold

nanoclusters, according to some embodiments of the present invention.

Specifically, this example describes a simple, one-pot, “green” synthetic route,
based on the biomineralization capability of a common commercially available protein,
bovine serum albumin (BSA), for the preparation of Au-NCs at the physiological
temperature (37 °C) with red emission (Aem max = 640 nm, quantum yield (QY) ~ 6%).
In this example, Au(IIl) ions are added to an aqueous BSA solution. The BSA
molecules, in some cases, sequestered Au ions and entrapped them (see FIG. 1). The
reduction ability of BSA molecules was activated by adjusting the pH of the reaction
mixture to about 12; the entrapped ions underwent progressive reduction to form BSA.

- conjugated gold nanoclusters (BSA-Au-NCs) in situ. The as-prepared BSA—Au-NCS
comprised of about 25 gold atoms (as evident from matrix-assisted Jaser
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry), and were
stabilized within BSA molecules as a BSA-Au-NCs (FIG. 1). The BSA-Au-NCs, in this
embodiment, were water-soluble, buffer-stable, and stable even in solutions of harsh
conditions, such as strong acids/bases and concentrated salts (1 M NaCl). The synthetic
method could be easily scaled up to gram quantity with good batch-to-batch
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reproducibility, and the as-prepared BSA-Au-NCs could be stored as a powder after

freeze drying. Besides the good biocompatibility and considerable environmental/cost
advantages of this methodology, the BSA coating layer on Au-NCs also facilitated post-
synthesis surface modifications with functional ligands.

In a typical synthesis, aqueous HAuCl solution (5 mL, 10 mM, 37 °C) was
added to BSA solution (5 mL, 50 mg/mL, 37 °C) under vigorous stirring. After two
mimites had elapsed, NaOH solution (0.5 mL, 1 M) was introduced, and the mixture was
incubated at 37 °C for 12 h. The color of the solution changed from light yellow to light
brown, and then to deep brown (FIG. 2A). Specifically, FIG. 2A shows photographs of
BSA (1) powder and (2) aqueous solution, and BSA-Au-NCs (3) aqueous solution and
(4) powder under (top) visible and (bottom) UV light. FIG. 2B shows the optical
absorption (dash lines) and photoemission (solid lines, Aex = 470 nm) spectra of aqueous
solution of (i) BSA and (ii) BSA-Au-NCs. The inset in FIG. 2B shows the weak
absorption peak at about 480 nm for BSA-Au-NCs. The reaction was complete in about
12 hours, as confirmed by time-course measurements of the fluorescence evolution (FIG.
3). Specifically, FIG. 3 shows the time evolution of the photoemission spectrum (Aex =
470 nm) for the reaction mixture comprising HAuCly and BSA at 37 °C.

The deep brown solution of BSA-Au-NCs emitted an intense red fluorescence
(FIG. 2A, bottom, 3) under UV light (about 365 nm). In contrast, the control BSA
solution was pale yellow in color under visible light (FIG. 2A, top, 2), and emitted a
peak blue fluorescence under UV light (FIG. 2A, bottom, 2), which was characteristic of
the aromatic side groups in the amino acid residues (tryptophan, tyrosine (Tyr), and
phenylalanine). The fluorescent Au-NCs showed absorption and emission peaks at about
480 nm and about 640 nm, respectively (FIG. 2B). The photoluminescence quantum
yield (QY) was ~6% (calibrated with fluorescein using a 470-nm laser).

The oxidation state of the BSA-Au-NCs was determined by X-ray photoelectron
spectroscopy (XPS). The Au 4f; spectrum could be deconvoluted into two distinct
components (lines ii and i, respectively in FIG. 4B) centered at binding energies of 84.0
and 85.1 eV, which could be assigned to Au(0) and Au(T), respectively. Specifically,
FIG. 4 shows (A) XPS spectra of (iii) Au 4f in BSA-Au-NCs and (B) MALDI-TOF mass
spectra of (iv) BSA and (v) BSA-Au-NCs.
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(18.2 M TP mAR Elgjectroscogg. The spectrum of the BSA without AuCH" showed one peak at
m/z ~ 66 kDa (FIG. 4B) which corresponded to the BSA molecular weight. The as-
prepared BSA-Au-NCs showed a peak shift of ~5 kDa, which could be contributed to the
25 gold atoms of the Au-NC. Thermal gravimetric (TGA) analysis of BSA-Au-NCs also
provided supporting evidence (FIG. 4C). Specifically, FIG. 4C shows the TGA analysis
of BSA-Au-NCs powder in air. Au-NCs with 25 atoms have been reported to be highly

stable, and it corresponded to the most common magic cluster size with both shell

closings and geometric contributions.

No obvious difference in fluorescence properties was observed for BSA-Au-NCs
in solutions of a broad pH range (3—12), or in various buffer solutions (e.g., 50 mM of
HEPES buffer (pH 7.65)), or in solutions with a high concentration of salts (e.g., 1 M of
NaCl). The solvent could be removed by fieeze drying, and the BSA-Au-NCs could be
stored in the solid form (FIG. 2A, 4) for at least 2 months, and redispersed whenever
needed. The BSA-Au-NCs may be been stabilized by a combination of Au-S bonding
with the protein (e.g., via the 35 Cys residues in BSA), and the steric protection due fo
the bulkiness of the protein. The high stability of BSA-Au-NCs may greatly facilitate
their use in in vitro and in vivo bioimaging applications. The encapsulation of Au-NCs

(~0.8 nm) (see representative TEM images in FIG. 5) in BSA muolecules has little effect

on the structure of the BSA. scaffolds (see FIG. 6). Specifically, FIG. 6 shows (A) DLS
histograms, (B) Fourier-transform infrared (FTIR) spectra, (C) zeta potential results, and
(D) far-UV circular dichroism (CD) spectra of (i, or black) BSA and (ii, or grey) BSA-
Au-NCs. The inset in (A) shows the electrophoresis data (under the UV light) of (if)
BSA (conjugated with FITC dye) and (i) BSA-Au-NCs.
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FIG. 8, showing representative TEM image of BSA-Au-NCs synthesized without
NaOH), and these nanoparticles showed no fluorescence. The reaction temperature was
an important consideration in the synthesis of fluorescent Au-NCs with high Q¥s. The
reaction was conducted at different temperatures (25, 37 and 100 °C), and Au-NCs
formed very slowly at 25 °C; no clusters were detected even after 12 h of reaction.
Reactions at the physiological temperature (37 °C) showed reasonable reduction kinetics.
Reaction was completed within 12 h, and BSA-Au-NCs with high QYs (~6%) were
obtained. When the reaction temperature was increased to 100 °C, the reaction rate was
raised sharply. The reaction was completed within minutes; however, the as-prepared
BSA-Au-NCs had relatively low QY (~0.5%, see Table 1 and FIG. 7). The ratio of BSA
concentration to Au precursors was important. At a fixed Au precursor concentration (5
mM), a high BSA concentration (10-25 mg/mL) (with a concentration of amino acid
residues of ~20-50 mM) was required for the effective protection of Au-NCs.

Decreasing the BSA concentration to 2.5 mg/mL, while keeping Au precursor
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Example 2
The following example describes additional experimental information regarding

the gold nanoclusters prepared and used in Example 1.

All chemicals were purchased from Sigma-Aldrich and used as-received.

Ultrapure Millipore water (18.2 M) was used.
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The foll ow ng exanpl e descri bes additional experinmental information
regardi ng the gol d nanoclusters prepared and used in Exanple 3.

Al'l chem cals were purchased from Si gma- Al drich and used as-received.
Utrapure MIlipore water (18.2 MN was used. Synt hesi s of Red
Fl uorescent Au-NCs. All gl assware was washed with aqua regia

(HC1/ EINOG3 volunme ratio = 3:1), and rinsed with ethanol and ultrapure
water. In a typical experinent, aqueﬁgs HAuCl14 solution (5 nm., 10 mM
37 O was added to BSA solutign (5 i'nt,” 50 mg/ni, 37 _C) upder

vi gor ous (4829 Idgmitiglonieas 1§ lyprepeenes (hn max = 649 pm). The w&gcq HthSduced
2 mn |at : 6 I, QR A L HPE8Se stbRPAHAUS
stirring cg{mg?&glgf%%ﬂqlz%aﬁ? a%&arrpl gﬁ?&w( %Z?%?mgﬁ?ﬁgm irgoqedureﬂ
descr i bedpéaifi¢ interéekangivish He™ Aln MGsexnapls, 8 jasturiess foe theulstegoreiiish »ser um
al bumn (HS r | zZ . i+ T 1 Sskon (2
= 470 nn)(w}%%erg P o@gg%%ggéﬂgﬂggﬁufﬁgnﬁ%? acﬁﬁﬁﬁ?%?ﬁ&%@%gﬁ%%?gg (1)
BSA, (i i )BIASAn-NCs isiptdspntbdySs sharven i FOGr0. i FIG-D Giovis6(C) schemalic bEHgEver al

enbodi nent s, of. the esent inventiqn have n descr.d be ng. .
1T et 1 areRheesttot R Sem e dendye St NCErep e man fef i 1
envi si on Reffphlc L AL B@ﬁds%’l%) PROGHisTbE Wt B9, £ 870 R ket (B) ng

the functions and/or obtaining thé results and/or one or nore of the

advant agaotbeesphs weigr H¥lighhof AwdlGedehodf) indeer( 1V alrseanei a9A §2)aveperre of
nodi f i caty QAs_| LtRIR c
i nventi onIl.Iél I\/ﬁor11 %%M?P%%H?Etgﬁ%ﬁ eé!%ﬂll% %’%‘pi&ﬁﬁgﬁgm a%%sm%e%?gg |&Im§/i

appr eci atsenditivity. adrepar,dhendesmptived (msishem; belat bas apaper EFigip to
configurati. descr.ibed herein are meant to be exenplary and that
the act U?Fmg@feé%% : ﬁoﬁﬁ%'%ns, mat erials, and/or configurations
wi || depend upbmrédentFrechhiNCapakisgahdsdrd and ppifisdcatdrding td the whi ch

the teachings of the present invention.i re usgd. ose skilled in
e R N I M LG Rv L

routine eyEeEJIRALQLDM), MBRIVEd BdblicvRh& BB IO ALNRCSEEGI §B.cl)enbodi ment s
of the invention described herein, is, therefore,, %h%@%g under st ood

I
that the TBWRRY ﬁ@e@hﬁbﬂiﬂﬁ%ﬁ%@nﬁ%@l‘é%%ﬁ&“&?ﬂm iy PFIESIBR| y

and that, s wid e 1928, §0EPRoREcchfieqRR A AORCIRs Bt IR ent s
t heret o, tphe I'nvention rran%fbe practiced otherw se than as

speci f i cahteyactienefHgeavitink’ ¢ Th pascfluorseense eEBRA-Awd¥isicrwld bedatial e ct ed
: A S ) SRR
. L5 LA L B P

met hod descri onmbination _of_ two or nore
such f eatshe®n isthstpeweycear Higlliess, (Fifhtoey amll 9B, 3ki Wathouirmisling techeryad i f

S, e SRS R e L b RO L e e

present ilam&taé Otveaker binding energy with Au’, and thus, a lower quenching efficiency on
fluorescent Au-NCs. The oxidation state of Hg was confirmed by X-ray photoelectron
spectroscopy (XPS) (FIG. 10). Specifically, FIG. 10 shows XPS Hg 4f spectra of (A) Hg
ions sequestered by BSA-Au-NCs, and (B) sequestered Hg ions reduced by NaBH,.

The addition of Hg** ions to BSA-Au-NCs solution has little effect on the size of

BSA-Au-NCs (FIG. 11), which ruled out the effects of BSA-Au-NCs aggregation on the
fluorescence quenching. FIG. 11 shows a representative TEM image of BSA-Au-NCs in
the presence of Hg”" ions, indicating a cluster size of ~ 0.8 nm. Moreover, the
aggregation of as prepared BSA-Au-NCs has negligible effects on the fluorescence of
BSA-Au-NCs (FIG. 12). FIG. 12 shows (A) a schematic of BSA-Au-NCs conjugated to
polystyrene beads (1 mm) through 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide



The indefinite articles "a" and "an," as used herein in the
specification and in the clains, unless clearly indicated to the
contrary, should be understood to nean "at |east one." - 27 -

The phrase "and/or," as used herein in the specification and in the
claims, should be understood to nean "either or both" of the elenents
so conjoined, i.e., elenents that are conjunctively present in sone
cases and disjunctively present in other cases. O her elenents my
optlonally be present other than t he 28renent s specifically identified
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of Hg®*. The limit of detection (LOD) for ng at a signal-to-noise ratio of 3, was

estimated to be 0.5 nM (0.1 ppb), which was much lower than the maximum level (2.0
ppb) of mercury in drinking water permitted by the United States Environmental
Protection Agency (EPA).

The detection of Hg'™ using the gold nanoclusters was extended to a paper test
strip system. BSA-Au-NCs were dispersed on a nitrocellulose strip. They were
encapsulated by BSA scaffolds, which could be entrapped in the nitrocellulose



i ncluding nore than one, B, with no A present (and optionally

i ncluding el enents other than A); in yet another enbodinent, to at

| east one, optionally including nore than one, A and at |east one,
optionally including nore than one, B (and optionally including other

el ements); etc. In the clainms, as well as in the specification

above, al | transitional phr ases such as "conprising," "including,"
"carrying," "having," "containing," nvoIV|ng " "holding," and the

| i ke are to be understood to be o é , 1o nmea ncludlng

but not MigRbIEN- (Jde nepipdingd3 A éﬁ%ﬁ ?B’ﬁ@lmﬁFA%‘@é’s Wi BAEY bl ng of' and
"consi st 'sélgctﬁﬁ%%@%é bapkr @bt st §btem!¥8r AR AN @%@vaﬁh@&%dxppmg the

transitional rases, respectively, as set forth in the Ited States
Pat ent Oftfsk eiapwlmcvmtmos ofPatiorRmelEenTAt Agorpstalinmd S0 ddc Onbrhe o5 . 03.

What is 2 @&g@ | ality
of gold %lé%o({r? st er qggcls: é%%@l@%g%%g%? (ﬂ% go Jl’ %ttg@n%acﬁ%ﬁm
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quenched in the presence of nercury,
emitied strong red fluorescence associated with the BSA-Au-NCs. The test strips also

gave different colors (from green to purple) after they were dipped in Hg*" ion solutions
of various concentrations (2 mM (dark green), 200 1M (purple), 20 nM (purple-pink),
and 2 nM (pink)), as shown in FIG. 15B. Specifically, FIG. 15B shows photographs
(under UV light) of test strips that have been dipped in solutions of Hg®. Thus, they
could be used to rapidly estimate the Hg>" ion concentrations visually.

This example illustrates, according to non-limiting embodiment, a new simple
method to detect Hg”" jons using fluorescent BSA-Au-NCs in aqueous media with very
high selectivity and sensitivity. The sensing mechanism was based on the high affinity
metallophilic Hg'— Au” interactions, which effectively quenched the fluorescence of
BSA-Au-NCs. The BSA-Au-NCs showed a remarkably high selectivity for Hg™ over
other metal ions, and detected Hg™ ions at concentrations as low as 0.5 nM. This
process was notable as it involved green chemistry, and could be developed as a simple

paper test strip system for the rapid routine monitoring of Hg*" jons.

Example 4
The following example describes additional experimental information regarding

the gold nanoclusters prepared and used in Example 3.

All chemicals were purchased from Sigma-Aldrich and used as-received.
Ultrapure Millipore water (18.2 MW) was used. |

Synthesis of Red Fluorescent Au-NCs. All glassware was washed with aqua regia
(HCI/HNOj; volume ratio = 3:1), and rinsed with ethanol and ultrapure water. Ina
typical experiment, aqueous HAuCly solution (5 mL, 10 mM, 37 °C) was added to BSA
solution (5 mL, 50 mg/mL, 37 °C) under vigorous stirring. NaOH solution (0.5 mL, 1



2. A nethod for forming a plurality of gold nanoclusters, conprising:
formng a reaction m xture conprising a plurality of nolecul es of
gold atom precursor and plurality of nolecules of protein, wherein
the ratio of nolecules of gold atom precursor to nolecules of protein
is at | east about 5:1; adjusting the pH of the reaction mxture to be
greater than about 11; and maintaining the reaction mxture at a
sritaFIe tepperature for a sufficien#qperiod of time to forma
plurality of gold nanoc]usters, stabifized at, | east .on rotein

nol ecul e&)méﬁféioﬁu?qei@ 561 ateh éﬁ%@ﬁﬁ%ﬁc@ﬁ’%‘”%ﬁ?}é‘”&h t%g@F%e&émg'rg'ﬁ%of%L}ﬁ of

| ess thagﬁﬁgggg7%§gﬁq2§, A nmet hod of detecting nercuric ions,
conprising: providing a conposition conprising a plurality of gold
nanocl usters and a protein, wherein the nanoclusters have an average
di aneter of less than about 2 runig.expasing the conposition to a
sanpl e suspected of containing nmefcarrc ions; and determ ni ng whet her
the sanpl e coUping feproeioecribedi thelExatnpies MyaNels whee sntticsigedsingur i

i ons, conpri sing: ) i di | it I J
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of at le
HSA, or (iii) LYS, are shown in FIG. 16

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results and/or
one or more of the advantages described herein, and each of such variations and/or
modifications is deemed to be within the scope of the present invention. More generally,
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the teachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention inay be practiced otherwise than as specifically
describéd and claimed. The present invention is directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not
mutually inconsistent, is included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least

»

one.



exposi ng the nanoclusters to a sanpl e suspected of containing
mercuric ions and determning a change in the fluorescent intensity;
and determ ni ng whether the sanple contains nercuric ions based
upon the change in the fluorescent intensity at a wavel ength between
about 630 rim and about 700 urn, 30 5. A nethod of detecting

nercuric ions, conprising: provi ding a conposition conprising a
plurality of stabilized gold nanoclu %ers wherein the gold

o a sanpl ¢ sOSpHEIedeaTOR oH OB RIGR RN aH - ORI A AP AT g
mgt her L8, KRG GRIP f‘éigl%ﬁof%ftﬁwfiﬁ&‘e d1@Hats scfbondided! 1.4 Mertkdtanati ni ng
presence or absence of nercuric 1ons Iin a sarrpl e, conprising, a
t est st r b, cogungiveli prepentansoins cases and disjunctively present in other cases. Other
clements may optionally be present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those elements specifically identified
unless clearly indicated to the contrary. Thus, as a non-limiting example, a reference o
“A and/or B,” when used in conjunction with open-ended language such as “comprising”
can refer, in one embodiment, to A without B (optionally including elements other than
B); in another embodiment, to B without A (optionally including elements other than A);
in yet another embodiment, to both A and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood
to have the same meaning as “and/or™ as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion
of at least one, but also including more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or list of elements. In general,
the term “or” as used herein shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but not both™) when preceded by terms of exclusivity, such as
“cither,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when
used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A. -
or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at

least one, optionally including more than one, A, with no B present (and optionally



a conposition associated with the substrate, wherein the conposition
conprises gold nanoclusters and a protein or a. stabilizing agent,
wherein the gold nanoclusters conprise about 25 gold atons, and a
color or other property reference. 7. A conposition, nethod, or
article of any preceding claim wherein a gold nanoclustcr conprises
about 25 gold atons. 8. A conposition, nmethod, or article of any

preceding claim wherein the proteinﬁ§§ bovi ne serum al bumn, 9. A

conposition, nmethod, or artigle of precedin | ai m erein the
ot ot ei ' 18IHEG HeSeis Rt et B n S1borAmEOREBE 1 Briceoh BionbRorghy
article ofcamig RIoRC@E B, 8l #ithho \M@éﬁnﬂ(ah@ SptRinaliPideludshg dleeEydher 11.
A conposition, method, or article of any preceding claim wherein the
gol d nandbimd);én getastherambadisnengdo g lagsb orss opfonaly including ragrs than®ng.un
3L 12. /¢ bt R0 ingthblethé e, BRhREAERMISIGIRL oer
wher ei n ﬁ%ggggfﬁﬁ%gﬁ%gpﬂ@%@?%“ﬁ%@gﬁanea¢§}a§@ g%%%@ter f Ieggéthan
about 1 ndléments); ete.
In the claims, as well as in the specification above, all transitional phrases such as

“comprising,” “including,” “carrying,” “having,” “containing,” “involving,” “holding,”

and the like are to be understood to be open-ended, i.e., to mean including but not limited

to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be

closed or semi-closed fransitional phrases, respectively, as set forth in the United States

Patent Office Manual of Patent Examining Procedures, Section 2111.03.

What is claimed:



13. A conmposition, nethod, or article of any preceding claim wherein
t he gol d nanoclusters are substantially nonodi sperse. 14. A
conposition, nethod, or article of any preceding claim wherein the
gol d nanoclusters are capable of emtting fluorescence at a

wavel engt h bet ween about 630 nit and abgyt 700 nm 15. A
conposition, nethod, -or article of any preceding claim wherein the
gol d nanocl usters are capable of emttCiimf| uorescence wth a quantum
yield of at least 1% 16. A conposition, nmethod, or article of any
preceding claim wherein the gold nanoclusters are capabl e of

em tting fl uot-escenempgiition, eevepuisingum yi el d of at |east 3% 17, A
conposi tion, met hcéqolureﬁfryé’ff%ldQJaﬁocﬁxfstcﬁ,nééglpEoﬁgaﬁgh%]Q)o&Jﬁ'éﬁ?da erghn the
gol d nanocl usters are capable of emtting uofr escence W th’ a quantum
yi el d of about 6%°?PrI8n aahlizi8ae®t any preceding claim conprising

heating the react iwowreti i gillEndhbohiterd RAGHARE ch@fingdiuolB@ile 22 B R g
19. A nethod gf ' '

n recedi.ng cl ai onpri sing heating the reaction
m xture at aboJ‘fm(’;lgééJ o A 39735%&0%63@&?1 884 BRFHF 00 nmow T sgupivip Sigld e at
any precedi nglegst dbnand fubeteinenid dommpeciist sgit e hatillyguaiok:das tHERfeened oft he
at | east one protein nolecule stabilizing the gold nanocluster with a
stabilizing agent. 21. A conposition, nethod, or article of any
preceding claim wherein the stabilizing agent is cysteine or

gl ut at hi one. 2. A method for forming a plurality of gold nanoclusters, comptising;
' forming a reaction mixture comprising a pluratity of molecules of gold atorm
precursor and plurality of molecules of protein, wherein the ratio of molecules of gold
atort precursor 1o molecules of protein is at least about 5:1;
adjusting the pH of the reaction mixture to be greater than about 1 13 and
maintaining the reaction mixture at a suitable temperature for a sufficient period of
time to form a plurality of gold nanoclusters stabilized i:y at Icast one protein molecule,

wherein the gold nanoclusters have an avcragé diameter of less than about 2 nm.

3. A methed of detecting mercuric ions, comprising;

providing a composition comprising a plurality of gold nanoclusters and & protein,
wherein the nanoclusters have an average diameter of less than about 2 nm;

exposing the composition to a sample suspected of containing mereuric ions; and

determining whether the sample comprises mereuric ions.

4, A method of detecting mercuric ions, comprising:

providing  plurality of gold nanoclusters, the gold nanoclusters having a first
fluorescent intensity at a wavelength between about 630 nm and about 700 rm with a
quantum yield of at least 1%;

exposing the nanoclusters to a sample suspected of containing mercuric ions and
determining a change in the fluorescent intensity; and |

determining whether the sample contains mercuric ions based upon the change in

the fluorescent intensity at a wavelength between about 630 nm and about 700 nm,



22. A nethod or article of any preceding claim wherein the limt of
detection of nercuric ions is less than about 5 nM 32 23. A nethod
or article of any preceding claim wherein the limt of detection of
mercuric ions is less than about 1 riM 24. A nethod or article of
any preceding claim wherein the limt ofg detection of nmercuric ions
is less than about 0.5 nM 25. A nethod of any preceding claim
wherein determ ning whether a sanple conprises nercuric ions

conpri ses detgrm nj e in fluorescence of the conposition or
gol d nanocl ust%'er SA'&%&&; g\&r%r%?%%&l% ahypr eEBitng claim wherein the
change in fl uor escemcéng ntanpssitign wptitiey gotmdity afstbhiized grldnansclusters
conposi tion '%hb@ﬁ%é@%a%%s%ﬁ%ﬂm&ﬁ@%@%%ogd%§mé'ea5t one of the

metal ions selected fromthe group consisti Ag+, Cu2+, Zn2+,
My2+, Na+, Ni 2+, 1\FR%RE thegmpositgn to pyample spgppcted afggnbainiph@ercuririongads.

27. A method of anydphRERGihegethalamble kothiieym&OMR sl Ng deternm ning a
nmeasure of the concentration of nmercuric ions in the sanple. 28. A

met hod of any preceding claim wherein the neasure of the
concentrationéof tAéitfiedetmiitng hagretence di ebsamapt Bercdicdeises ai-Apldased
upon a changecgtgpgsgl%fl uorescence of the conposition or gold

nanocl usters. o
a test sirip, comprising:

a substrate;

a composition associated with the substrate, wherein the
compaosition eomprises gold nanoclusters and a protein or a stabilizing
agenf, wherein the gold nanoclusters comprise about 25 gold atoms, and

& color or other property reference,

7. A composition, method, or article of any preceding claim, wherein a gold

nanocluster comprises about 25 gold atoms.

8. A composition, method, or article of any preceding claim, wherein the protein is
bovine serium albumin, .

0. A composition, method, or article of any preceding claim, wherein the protein is
human serium albumin,

10. A composition, method, or article of any preceding claim, wherein the protein is
lysozyme, ‘

11, A composition, method, or article of any preceding claim, wherein the gold

nanoclusters have an average diameter of less than about 2 nm,



29. A nethod of any preceding claim wherein the sanple is obtained
froman.environnental source. 30. An article of any preceding claim
wherein the substrate conprises nitrocellul ose, 31, A nethod of any
preceding claim wherein the pH of the reaction mxture is adjusted
to be greater than about 12. 32. A net hod3pf any preceding claim
wherein the pH of the reaction mxture is adjusted by providing a
base to the rédcti éreomposttionemethcd3or a88leAT aet heddiod clahawvherddhegbiar ei n

the base is NaGhlcysters have an average diameter of less than about 1 nm.

13, A composition, method, or article of any preceding claim, wherein the gold

nanoclusters are substantially monodisperse.

14, A composition, method, or article of any preceding claim, wherein the gold
nanoclusters are capable of emitting fluorescence at a wavelength between about 630 nm
and about 700 nm.

15. A composition, method, or article of any preceding claim, wherein the gold

nanoclusters are capable of emitting fluorescence with a quantum yield of at least 1%.

16. A composition, method, or article of any preceding claim, wherein the gold

nanoclusters are capable of emitting fluorescence with a quantum vyield of at least 3%. -

17, A composition, method, or article of any preceding claim, wherein the gold

nanoclusters are capable of emitting fluorescence with a quantum vield of about 6%.

18, A method of any preceding claim, comprising heating the reaction mixture to at
least 30 °C for at least 2 hours.

19. A method of any preceding claim, comprising heating the reaction mixture at sbout
37 °C for at least about 8 hours.

20. A method of any preceding claim, further comprising replacing one or more of the

at least one protein molecule stabilizing the gold nanocluster with a stabilizing agent.

21, A composition, method, or article of any preceding claim, wherein the stebilizing

agent is cysteine or glutathione.

22, A method or article of any preceding claim, wherein the limit of detection of

mercuric lons iz less than about 5 nM.



23. A method or article of any preceding claim, wherein the imit of detection of

mercurlt lons is less than about 1 nM.

24. A method or article of any preceding claim, wherein the limit of detection of

mercuric lons is less than about 0.5 nM.

25. A method of any preceding claim, wherein determining whether a sample
comprises mercuric ions comprises determining a change in fluorescence of the

composition or gold nanoclusters.

26. A mmethod of any preceding claim, wherein the change in fluorescence intensity of
the gold nanoclusters or composition is less than 20% upon exposure to at least one of the
metal ions selected from the group consisting of Ag', Cu?*, Zn*, Mg?*, K, Na*, Ni*,
Mn®", Fe**, Cd™, pt*, Pa™, Co™, Pb?", or Ca®,

27.  Amethod of any preceding claim, further comprising determining a measure of the
concentration of mercuric ions in the sample,

28, A method of any preceding claim, wherein the measure of the concentration of the
mercuric ions in the sample is determine based upon a change in the fluorescence of the

composition or gold nanoclusters.

29. A method of any preceding claim, wherein the sample is obtained from an

envirommental source,

30 An article of any preceding claim, wherein the substrate comprises nitrocellulose,

31, A method of any preceding claim, wherein the pH of the reaction mixture is
adjusted to be pgreater than about 12.

32. A method of any preceding claim, wherein the pH of the reaction mixture is
adjusted by providing a base ‘o the reaction mixture.



33

33, A method of claim 33, wherein the base is NaOH.



